The near-field pressure region of a Mach 0.85 axisymmetric jet with an exit nozzle diameter of 50.8mm, is examined experimentally using an azimuthal array of 15 equidistantly spaced (24 0 ) transducers positioned just outside the jet shear layer. The exit flow temperature is held constant at a temperature of 27 o C, and is pressure and temperature balanced with ambient conditions. The transducer array is traversed downstream through the end of the potential core. Examination of the Fourier-azimuthal decomposition reveals the presence of only the first three modes (0, 1, &2), with a downstream contribution of lowfrequency energy only. A second set of experiments fixes 7 transducers, spaced at (48 0 ) in azimuth, near the jet exit at z/D=0.875. A separate azimuthal array is then fitted with another 7 transducers, positioned in similar fashion, and again traversed downstream through the end of the potential core. The cross-correlations between the array fixed at the jet lip and the downstream array, exhibit magnitudes on the order of 60%, extending through the end of the potential core where the correlation falls to 20%. The modal decomposition of the cross-correlations suggest a column mode dominance. The decay in magnitude is in direct relation with the decay in the contribution of mode-0.
I. Introduction N umerous investigations have been conducted aimed at characterizing the near-field region of the turbulent axisymmetric jet. Much of this interest is directed toward characterizing sources of sound; in particular the mixing mechanism by which vortices interact, pairing and coalescing, as they evolve downstream of the jet exit. One of the most challenging objectives for identifying sources of sound in high-speed turbulent flows, is the ability to accurately relate the acoustic source to its response in the far-field. Ffowcs Williams & Kempton 4 demonstrated that these large-scale structures contribute greatest to the radiated noise, whereby the abruptness of their change from growth to decay determines the magnitude of the radiated sound.
The description of these large-scale turbulent structures has aided in furthering our understanding of the noise production mechanism in the axisymmetric jet. Several techniques have developed within the framework of Lighthill's acoustic analogy , 13 which coupled fluctuations based on the motion of these structures with pressure fluctuations in the far-field in an effort to determine their contribution to the overall perceived noise. Although these predictive models have been used extensively, they do have shortfalls; the ratio between the accuracy of the source model and its acoustic features is of order 0.01%. Ko & Davies 11 insisted that information from the far-field noise was not detailed enough for one to understand the process by which noise is generated by turbulence and that better insight into these sound sources could be gained from the near-field pressure region. Experimental investigations of this region of the flow have always been limited by the intrusiveness (on the source's acoustic features) of the instruments employed. In-flow measurements acquired using pitot probes and shrouded microphones by researchers, such as Siddon, 15 George et al., 6 Lau et al., 12 and Fuchs, 5 have all demonstrated similar results. However, a reliable 'true' measure of fluctuating static pressure is unable to be attained, as various compensations need to be made for errors, such as velocity contamination. In an effort to subdue these obstacles, the near-field pressure region surrounding these sources has become the preferred region of study, Petersen, 14 Arndt et al., 1 Hileman et al., 9 Jordan et al., 10 Hall et al., 8 Coiffet et al., 3 primarily because of the measurable complexion of features that synthesize the acoustic sources of sound, and the sound that is observed in the acoustic far-field.
The dissimilar features between the two fields (fluctuating pressure and velocity), in particular the disparity between the Fourier-azimuthal modal distributions, has left concerns as to whether the near-field pressure is a suitable region to utilize in exploring the dynamic behavior of the turbulent source field. Where sensing and control of the turbulent sources of noise are concerned, the ability to influence the apparent mechanism that is known to propagate the most amount of acoustic energy is key. Therefore insight into the relationship between the motion of the source field and it's near-field pressure response is invaluable to this effort. While it is clear from these investigations that the pressure field surrounding the jet may dissolve the higher turbulent modes, it is not clear wether these higher modes are still embedded in the pressure field signatures. George et al. 6 derived a weighting function, demonstrating the velocity fields contribution to the pressure spectrum,
The filtering effect (rapid-roll off) of higher wavenumbers, may explain why these higher modes are not readily present.
Recent work conducted at Syracuse University's high-speed jet noise facility by Hall et al. 7 and Tinney et al., 17 aimed at identification of noise producing events in the compressible jet shear layer (at room temperature), demonstrated strong coherency between the near-field pressure and velocity fields. The latter experiments utilized a combination of multi-point techniques, known as the modified Complementary technique, 2 to characterize a low dimensional description of the entire near-field velocity region using information from the pressure sampled near the jet exit alone (with minimum effect on the far-field acoustics). As the ultimate goal of these experiments is intelligent closed-loop control, practical aspects such as total number of sensors and location are essential. An improved low dimensional estimate of the velocity field would aid in the development of this technique, as it would inturn improve the estimate of the far-field acoustics (through Lighthill's acoustic analogy). A comparison of estimated and measured acoustics, would give insight as to the contribution of the large-scale (low dimensional) motion of the flow field to the noise source mechanism.
In the present work, we will attempt to identify how well the fluctuating pressure is able to characterize the near-field region of the axisymmetric jet, gauging it's ability to convey information relating to the noise source mechanism. The most energetic modes within the near-field pressure region will be examined, as we move our azimuthal array along a cone marking a line just outside the jet shear layer. These experiments are similar to those performed by Jordan et al. 10 using a similar array in a low-speed flow. The strength of the correlation between lip pressure and downstream pressure is also evaluated to determine proper number of sensors and location, required to resolve the dominant modes. Where closed-loop control of these sources of noise is of interest, it may prove to be the near-field pressure sampled near the jet exit that is necessarily most practical. If no signature of higher modes is found in the fluctuating pressure field at locations where the higher modes are known to be present in the velocity field, these experiments will confirm that pressure cannot resolve these higher modal events even at greater Mach numbers and stronger turbulence levels. However, this will also affirm that the fluctuating pressure signature acquired near the jet lip is in fact able to resolve enough information to suitably characterize the noise source mechanism.
II. Experiments
T hese experiment were conducted in Syracuse University's fully anechoic chamber, which encompasses a 206m 3 enclosure. Highlights of the facility are discussed in Tinney et al. 16 and include the installation of a new industrial Make-Up-Air unit for controlling the ambient temperature (of the chamber) during the full calender year, and an electric circulation heater for heated jet studies up to 537 o C. The axisymmetric nozzle is operated at a core exit speed of Mach 0.85, corresponding to a Reynolds number of 9.8E5 based on a nozzle diameter of 50.8mm. The flow's exit conditions, and bypass air, were matched and held constant at 27 o C and ambient pressure. Preliminary measurements 7 have shown that the exit conditions of the nozzle exhibit turbulence intensities on the order of 1% in the potential core. The spreading of the outer and inner shear layers were also found to be approximately 0.194z (11 o ) and 0.096z(5.5 o ), respectively, where z denotes the streamwise direction of the jet. The potential core has been shown to collapse at approximately 6D. To evaluate the dominant Fourier-azimuthal modes of the near-field pressure region, an evenly spaced (24 o ) ring array of fifteen Kulite model XCE-093, 0-34.4kPa transducers with a frequency response range from DC to 50kHz was used (Fig. 1) . The probes are positioned radially just outside the shear layer (approximately 2.54cm outside). Measurement are acquired at several streamwise locations, from 1D-7D in 0.5D increments, as the ring array is traversed downstream. Special attention was given to the orientation of each probe to ensure that their individual outputs were similar in amplitude, and that their position along the array was symmetric with respect to the flow at each streamwise location. The signals from the transducers are digitized using a National Instruments PXI system equipped with two NI-4472 boards. Each board contains 8 single and differential channels with 24-bit resolution, capable of sampling up to 102.4kHz per channel. In addition, each channel contains an independent Delta-sigma A/D converter with built in low pass filter.
A second set of experiments aimed at examining the strength of the correlation between the fluctuating pressure sampled near the jet lip and several downstream locations, fixes an azimuthal array of 7 transducer at the jet exit (Fig. 2) . These are positioned at a streamwise location of z/D=0.875 and a similar radial location as previously mentioned. A second array of 7 transducers is traversed downstream from 2D-7D in 0.5D increments. The dissimilarity between the dominant frequency information downstream, as opposed to that near the jet exit, can also be examined.
III. Results: Ring Array Setup

A. Pressure correlations
The two-point cross-correlation coefficient between the fluctuating pressure signal at each azimuthal separation can be expressed as in Eqn. ( 1), where the j th component of pressure refers to non-similar azimuthal position along the array. The cross-correlation coefficient may also be expressed as Eqn. ( 2), where the numerator denotes the inverse Fourier transform of the cross-spectrum, S p i p j . The latter is used to calculate the correlation coefficient in this investigation. The use of a ring array allows for the correlation of the pressure signal as a function of azimuthal separation. The correlations follow similar trends at all streamwise locations, first decreasing in magnitude with azimuthal separation through 180 o then increasing suggesting the presence of a helical structure (Fig.3) . The time lag τ , between the signals at each streamwise location exhibits a slight discrepancy, due to variations in positioning of individual transducers. The cross-correlations are presented for four streamwise locations (z/
18 performed very detailed measurements of the the overall sound pressure level in the near and far-field outside of a Mach 0.85 jet and confirmed, using various bandpass filters, that of the turbulent sources of noise showed a general trend of higher frequencies being emitted closer to the jet exit. This phenomenon will be examined further in the spectral analysis section of this paper.
The cross-correlations do however still display behavior characteristic to the near-field region of the flow. The correlation length, τ increases with increasing downstream location, as the scale of structures within the flow-field are known to increase as they pair and coalesce with downstream development. 11 The magnitude of the correlation is also seen to increase with downstream location, beyond the collapse of the potential core region. This is in agreement with the jet development. As the structures gain size, the correlation in azimuth results in the correlation over a similar structure.
B. Power spectra
The power spectral densities at each streamwise location are presented in (Fig. 8) as a function of wave number, following the form used by Arndt et al. 1 . These were calculated using 8192 sample size blocks to produce a spectral resolution of δ ≈ 5Hz, and were ensemble averaged over 200 blocks. Assuming all transducers are positioned similarly in the inhomogeneous coordinates (r and z), azimuthal symmetry can be inferred. The pressure spectral densities were collapsed using the average of all fifteen signals, resulting in only one plot per streamwise location. Similar to the Arndt et al. investigation the curves demonstrate a roll-off slope between ky −6 and ky −6.67 indicative of a field dominated by hydrodynamic pressure. There is also distinct change in this slope, to ky −2 at approximately ky=2, which can be attributed to the presence of the acoustic pressure field (where y denotes radial distance from center of shear layer).
The broadband spectra exhibits no dominant frequency, typical of measurements in the jet shear layer, due to the larger distribution of scales present here. The curves are seen to increase in total energy content with increasing downstream distance, a direct result of the increased turbulence intensity as the jet develops downstream (bottom curve at z/D=1 increasing through z/D=7 in 0.5D increments). There is also a slight shift in the position where the curves begin to roll-off, as the curves are seen to move towards lower frequencies with downstream distance. This is indicative of the increased presence of the radiated acoustic field.
The irregularity in the Kulite measurement at high frequencies is more clearly exhibited here, as harmonic peaks are seen to develop at higher wave number. Closer to the jet exit (bottom curves) the spectra does not demonstrate an even distribution of frequencies, as seen in curves further downstream. This indicates that the rings' proximity to the nozzle, may also be a source of inaccuracy, creating some form of interference with the Kulite measurement. It also appears as though the harmonic peaks develop at lower wavenumbers here, suggesting this feature may be a combination of the two effects. This trend is not exhibited in measurements acquired near the jet exit (z/D=0.875) at Mach 0.60 (Fig.9 ). This will be investigated further for future experiments. The modal distribution of the near-field pressure exhibits similar trends as found by other researchers. The dominant features of the flow-field appear to be predisposed to the low dimensional modes. The modal distribution, summed over frequency, is shown in (Fig. 10) . The column mode (0) dominates the flow at all downstream locations observed, increasing in energy with increasing location. Modes 1&2 also show a significant amount of energy. This low dimensional nature of the flow-field, will be key in the selection of the total number of sensors needed to resolve a true measure of the flow-field for closed-loop applications.
The frequency dependency of each curve does vary, demonstrating a shift toward lower frequency downstream. The surface plots of z/D=1 and z/D=3 are shown in Fig 10. Again at z/D=1, the influence of the higher frequencies near the lip (as well as possible interference with the ring) is exhibited in a low frequency peak. The trend is still evident as the bottom plot of z/D=3 has moved closer to the axis, toward lower frequency. The frequency dependence of the first four azimuthal modes at z/D=3 and z/D=6 are plotted in Figs. 12 & 13 to more clearly demonstrate this trend. At z/D=3, broader peaks can be seen, with distinctly higher dominant frequencies. Further downstream, the peaks have all shifted to lower frequency and become less broad. This again indicates the correlation over a larger, similar structure at downstream locations. Also seen in the strengthen presence of the column mode.
IV. Results: 2 Array Setup
T he second set of experiments involve fixing one set of 7 transducer in an azimuthal array at the jet exit and traversing a second set of 7 aligned transducers downstream. This is aimed at investigating the strength of the correlation between the fluctuating pressure signal sensed near the lip, and that at downstream locations. The spectral densities observed are similar to those presented in the previous section and are not presented here. However, the cross-correlations and Fourier azimuthal distribution give further insight into validating the lip pressure signal as a viable means in resolving enough information to suitably characterize the noise source mechanism.
A. Pressure correlations The cross-correlations are calculated using the same method described above. These are presented as a function of streamwise location for the first 180 o of azimuthal separation in Figs. 14-17. The highest magnitudes are found in the 48 o and 144 o planes, with lower levels of correlation seen at 0 o and 96 o . This again indicates the presence of a helical structure. The peak in all the curves appears at z/D=3, the region where the jet becomes fully developed. 7 The correlation then decreases with downstream location, to an insignificant value beyond z/D=5.5. The time lag τ associated with each streamwise location is also seen to increase as the distance between the two signals increases, a direct result of Taylor's frozen field hypothesis. The width of each successive peak also broadens with downstream distance at all azimuthal locations. This indicates a correlation over a larger distribution of scales, a result of the increase in turbulence intensity with jet development.
These curves may be interpreted as a measure of how well the fluctuating pressure signal of the downstream flow-field 'remembers', or relates to that sensed near the jet lip. They suggest the presence of a helical structure which becomes fully developed at z/D=3, and then begins to break down through the end of the potential core. To further evaluate the flow features associated with the magnitudes of these correlations, the Fourier-azimuthal distribution is presented next.
B. Fourier-azimuthal modal decomposition The modal distribution shown in Fig. 18 demonstrates that the correlation between the near lip measurements and downstream signal is a function of the column mode.
As the contribution of the column mode falls, the resulting correlation falls in magnitude as well. This appears to be in contrast with the results present earlier, which showed the total energy content of the column mode to increase with increasing downstream location. This is not surprising, since the total energy content of the downstream spectra increases as well with increasing downstream turbulence intensity. It is by a direct result that the overall energy contribution of mode-0 increases also. However, when examining the modal decomposition of the streamwise cross-correlations we see that it is the spatial separation which plays a larger role in the magnitude of the downstream correlation.
V. Conclusions
T he fluctuating pressure in the near-field region of a Mach=0.85 (Re = 9.8E5) axisymmetric jet, was sampled by an azimuthal array of 15 transducers, 24 o apart. The dominant azimuthal modes found were the low-dimensional modes (0, 1, &2). A disproportionate amount of energy is seen in the column mode, evident at all streamwise locations observed, with total energy content increasing with downstream position.
The streamwise correlation calculated from a second set of experiments which incorporates both a fixed and a traversed array show magnitudes on the order of 60%, extending to the end of the potential core where the correlation falls to 20%. The differences in magnitude observed at each azimuthal separation, suggests the presence of a helical structure. The Fourier-azimuthal distribution of the cross-correlations implies that the column mode governs this relationship. As the correlation decays, so does the contribution of mode-0. As it has already been shown that the column mode increases in energy with downstream distance, the increased spatial separation of the signals is deemed the basis for the decay in the strength of the correlations.
The low-dimensional nature of the near-field pressure region surrounding the axisymmetric jet makes it a viable candidate in characterizing the noise source mechanism. A limited amount of sensors would be required to resolve the most energetic modes (0, 1, &2). Also important is the strong relationship between the signal sampled at the lip and the downstream signal, (60%) at 2D downstream. This indicates that the information sampled at the lip of the jet is enough to describe a low-dimensional estimate of the downstream flow-field as described by the Complementary technique. Although the dominant frequencies are different (lower for downstream positions), the characteristics of the flow-field appear to remain closely linked.
Future endeavors include application of the Proper Orthogonal Decomposition (POD) in the inhomogeneous streamwise direction, similar to the Ardnt et al. 1 study, to chracterize the size and orientation of the correlated near-field pressure region. The correlations seen here demonstrate similar trends of amplification, saturation, and subsequent decay, as the eigenvectors presented in that work.
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